A multiple solid-phase extraction (SPE) method was used with liquid chromatography, coupled with mass spectrometry (LC/MS), for the analysis of heterocyclic amines (HCAs) in human urine. Separation efficiencies based on the pH of the mobile phase and the types of columns were compared. An amide column showed better baseline separation and narrower HCA peak widths at pH 5.0 for the mobile phase than a C8 column. Each SPE step, HLB, MCX, and HybridSPE, was optimized by controlling the pH conditions. The combined method with the three SPEs effectively removed interfering species that cause ion-suppression during HCA detection. Validation of the method, performed with SIM and SRM detection, showed correlation coefficients above 0.991 in the range 0.3 -16.7 ng/mL. Recovery rates were 45.4 -97.3% on the C8 column and 71.8 -101.4% on the amide column, and method detection limits were 0.11 -0.65 ng/mL on the C8 column and 0.12 -0.48 ng/mL on the amide column. This method using multiple SPEs offers significant benefits for high-throughput determination of HCAs in urine.
Introduction
Heterocyclic amines (HCAs) have been known to form during cooking foods such as fish and meat at high temperatures. [1] [2] [3] [4] Toxicity studies of various organs of mice and rats suggest that HCAs are potent mutagenic and carcinogenic agents. [5] [6] [7] HCAs can be classified into amino-imidazoazarene and amino-carboline types based on the cooking temperature of protein-rich food. The former are known as thermic HCAs, which are formed by the Maillard reaction of free amino acids, creatine, and hexoses below 300 o C. The latter are pyrolytic HCAs, which are produced through the radical reaction of amino acids and proteins at temperatures above 300 o C. To date, more than 20 HCAs have been recorded in cooked foods, 8, 9 and eight have been classified as either probable (class 2A) or possible (class 2B) carcinogens by the International Agency for Research on Cancer (IARC). 10 The HCAs most frequently detected in cooked foods are 2-amino-1-methyl-6-phenylimidazo [4,5-b] pyridine (PhIP) and 2-amino-3,8-dimethylimidazo [4,5- f]quinoxaline (MeIQx), usually at concentrations of a few ng/g (ppb). 1, [11] [12] [13] [14] After consumption, the HCAs are rapidly absorbed and distributed across tissues and blood, and only 1 -3% of ingested HCAs are excreted as intact compounds via urine. [15] [16] [17] In addition to intact compounds, HCAs can also be metabolized to conjugated compounds by hydroxylation, sulfation, glucuronidation and binding with DNA in human organs. [18] [19] [20] [21] [22] However, the amounts of intact and metabolized HCAs detected in urine are quite low (ng/mL). [23] [24] [25] Thus, for assessing human exposure to HCAs, an analytical method of urine analysis with high sensitivity, selectivity, and reproducibility would be of practical value.
Various extraction methods have been used for detecting HCAs in food, including liquid-liquid extraction (LLE), 26, 27 supercritical fluid extraction (SFE), 28 and solid phase extraction (SPE), [29] [30] [31] [32] but analysis of HCAs in urine has primarily been performed using SPE methods. SPE sorbents, such as Blue Rayon, 33, 34 Blue Cotton, 25, 35, 36 and Blue Chitin 17,37 offer high selectivity for polycyclic aromatic compounds [38] [39] [40] and selectively isolate target HCAs from urine. However, the major obstacle in the processes of adsorption and desorption using SPE is the extraction efficiency. Recovery rates of HCAs using sorbents are around 50%, even using reliable methods. 15, 23, 41, 42 Thus, the analytical problem of low recovery rates during the cleanup process indicates a need for a better routine analysis to quantify low amounts of HCAs.
HCAs are polar and non-volatile compounds that require chemical derivatization methods to improve detection selectivity and sensitivity when using gas chromatography. 26, [43] [44] [45] However, yields from the derivatization reactions depend strongly on the class of HCAs and are limited to specific HCAs. For this reason, high-pressure liquid chromatography (HPLC) using reversephase columns has been preferred for the analysis of HCAs in urine. [46] [47] [48] [49] UV detection has been a popular method, due to the high absorption coefficients of HCAs. [50] [51] [52] [53] [54] Additionally, mass spectrometry (MS) using electrospray (ESI) [55] [56] [57] [58] [59] or atmospheric pressure chemical ionization (APCI) [60] [61] [62] has been used in the detection of HCAs. These approaches provided a reduced matrix effect and sensitivity and selectivity were increased by using the selected ion monitoring (SIM) 13, 30, 34, 63 and single reaction monitoring (SRM) 57, 62, 64, 65 techniques. Both SIM and SRM detection in ESI mode are useful for obtaining low detection limits (DLs) to determine trace levels of HCAs in urine, but the SRM method may provide identification that is more distinct from interference than the SIM method.
To establish a reliable analytical method for quantification of HCAs in urine, chromatographic conditions need to be optimized according to pH, sample cleanup, and detection method(s). In this study, we compared separation efficiency using eight HCAs on three columns, C18, C8, and amide, under different pH conditions of the mobile phase. The use of a multiple SPE method to eliminate interference from human urine was also evaluated, and an optimized clean-up procedure is presented. Quality control using an analytical method based on two different acquisition modes, SIM and SRM, was established to evaluate human exposure to carcinogenic HCAs.
Experimental
Chemicals. The eight HCAs studied, 2-amino-3-methylimidazo [4,5- Figure 1 . The internal standard, 1-naphthyl amine, was purchased from Sigma (St. Louis, MO, USA). HPLC-grade acetonitrile and methanol were purchased from J.T. Baker (Phillipsburg, NJ, USA), and water was purified using a Milli-Q system (Millipore Co., Bedford, MA, USA). Solutions of 25% ammonia and 37% hydrochloric acid were purchased from Merck (Darmstadt, Germany). Ammonium acetate, acetic acid, and formic acid were used as modifiers and were purchased from Fluka (Buchs, Switzerland). For SPE, an Oasis HLB cartridge (60 mg) and an Oasis MCX cartridge (30 mg) were purchased from Waters (Milford, MA, USA), and HybridSPE (30 mg) was purchased from Supelco (Bellefonte, PA, USA).
LC/ESI-MS. Chromatographic separation of eight HCAs using HPLC (NANOSPACE SI-2, Shiseido, Japan) was performed with Luna C18 (150 × 1 mm, 5 µm, Phenomenex, CA, USA), Luna C 8 (150 × 1 mm, 5 µm, Phenomenex), and Ascentis Express RP-Amide (150 × 2.1 mm, 2.7 µm, Supelco) columns. Efficiency in separating HCAs was studied based on pH, using mobile phases of water (A) containing 0.1% formic acid, 0.1% acetic acid, or 10 mM ammonium acetate with pH values of 2.6, 3.2, and 5, respectively. A gradient program was used with the C18 and C8 separations for 0 -20 min (5 -70% B acetonitrile in A), and then the columns were equilibrated with 5% B for 20 min at a flow rate of 50 µL/min. For the amide column, a gradient program was used with 0 -20 min (20 -70% B acetonitrile in A), and then the column was equilibrated with 20% B for 15 min at a flow rate of 100 µL/min. A 2 µL sample aliquot was injected into the HPLC. The HPLC system was interfaced to an LCQ DECA XP MS system (Thermo Finnigan, San Jose, CA, USA) operated with an ESI source in positive mode with a spray voltage of 4.5 kV under N2 sheath gas flow at 50 arbitrary units. The capillary temperature was maintained at 275 o C. Total ion chromatograms (TICs) of HCAs were obtained in the m/z range 100 -300. The MS/MS spectra were acquired using different collision energies, depending on the type of HCA; detailed parameters are described in Table 1 . Information for the quantitation ions used in SIM and SRM detection are also listed in Table 1 .
Analytical method. A 3 mL urine sample was loaded into the HLB cartridge (60 mg), preconditioned with 1 mL of methanol (MeOH) and 1 mL of water. After washing with 2 mL of 1% NH3, the eluent was collected using 3.5 mL of MeOH. The HLB eluent was loaded into the HybridSPE (30 mg), followed by addition of 1 mL of MeOH. The filtrate was collected and combined with 0.5 mL of 0.1 M HCl. The solution was loaded into the MCX cartridge (30 mg), preconditioned with 1 mL of MeOH. After washing with 1 mL of 0.1 M HCl and 1 mL of MeOH, the eluent was collected using 3 mL of 10% NH3 in MeOH. Finally, the extract was dried under a stream of nitrogen gas and reconstituted with 100 µL of 1-naphthylamine (5 µg/mL) as an internal standard. An aliquot of 2 µL was injected into the LC/MS system described above. The analytical procedure for detection of HCAs in urine is shown in Figure 2 .
Method validation. For linearity validation, standard solutions of eight HCAs in the range 0.3 -16.7 ng/mL were prepared and measured at seven concentration points. The peak areas of the HCAs relative to the internal standard were plotted against the corresponding concentrations of the HCAs, and the linearity was calculated by a mean of the least-squares method. For accuracy and precision validation, HCA mixtures at two different concentrations (1.67 and 3.33 ng/mL) were spiked into HCA-free urine and nine replicate samples were analyzed according to an established analytical method. The limit of detection (LOD) and the limit of quantification (LOQ) were determined using urine spiked with 5 ng of the HCA mixture (n = 9), and the values were defined as 2.90 times the standard deviation (SD) and 10 times the SD, respectively.
Results and Discussion
Separation of HCAs using different columns and pH values. Mass detection using ESI requires ionized analytes to increase sensitivity after separation with a reverse-phase column. Thus, amine compounds such as HCAs require the use of an acid modifier in the mobile phase to maintain a lower pH than their pKa during separation. However, at low pH ionized HCAs are quickly eluted, resulting in poorly resolved peaks on the reversephase columns, even though protonated HCAs provide enhanced sensitivity when using the ESI process. A pH effect is seen and maximum HCA sorption on the columns is attained between pH 3 and 7 and decreases steeply at pH < 3.
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When a conventional C18 column was used, the separation of polar IQ, MeIQ, MeIQx, Glu-P-1, and Glu-P-2 was better than that with less-polar PhIP, AαC, and MeAαC, based on LC parameters, such as flow rates and the pH of the mobile phase. The use of a 0.1% formic acid modifier of pH 2.6 in the mobile phase resulted in poor discrimination for IQ, MeIQ, and Glu-P-2 in the region of the void volume (Fig. 3a) . The use of 10 mM ammonium acetate buffer of pH 5.0 resulted in sufficient interaction of polar HCAs with the C18 column and longer retention times, while MeIQx and Glu-P-1 were not separated as individual peaks (Fig. 3b) .
C8 columns are commonly used to retain HCAs longer, but the separation performance of a column is dependent on the type of stationary phase produced by the manufacturer. Similarly, at pH 2.6 on the C8 column the polar HCAs were insufficiently separated in the region of shorter retention times (Fig. 3c) . Additionally, the mobile phase of pH 3.2 containing a 0.1% acetic acid modifier did not provide sufficient separation using either the C18 or C8 columns. In the pH-5.0 buffer, better peak separations of eight HCAs in the total ion chromatogram (TIC) with positive ESI were achieved using the C8 column (Fig. 3d ). For comparison with the C 8 column, an amide column with a polar stationary phase and orthogonal selectivity was used to achieve the appropriate separation performance. The amide column resulted in satisfactory peak resolution with narrower peak widths and shorter total runtimes than the C18 column (Fig. 4) . In this study, the separation parameters of two C8 and amide columns optimized at pH 5.0 were used to validate the established method described in Section 2.3.
HCAs are predominantly produced as protonated molecular Figure 4 . Single reaction monitoring chromatograms of eight HCAs at 20 ng/mL, separated using an amide column under the CID conditions described in Table 1 .
ions, [M+H]
+ , in the positive ion mode of ESI. To obtain structural information, the [M+H] + ions were selected as precursors for collision-induced dissociation (CID) to obtain MS/MS spectra. The maximum intensity of the fragment ions was provided to adjust the activation energies of the ion trap analyzer. The MS/ MS spectra were classified into two groups according to the characteristic fragment ions produced. One was an aminoimidazoazarene group, which predominately produced the characteristic ions, [ Based on the mass spectra of HCAs, [M+H] + ions were selected for detection using the SIM mode for method development.
Each characteristic ion, [M+H-CH3] + for imidazoazarenes and [M+H-NH3]
+ for carbolines, was also selected for SRM detection to validate the established method. The SIM and SRM parameters used in this study are summarized in Table 1 .
Solid phase extraction (SPE) using various adsorbents. As discussed previously, pH is an important parameter in the SPE procedure and is related to reliable urine cleanup results. To evaluate the SPE procedure, a control water sample of 3 mL was prepared by spiking it with 20 µL of a mixture of eight HCAs (1 µg/mL). The HLB copolymer required a washing step (1 mL of 1% NH3) to enhance adsorption of HCAs and remove interference from urine after loading the sample. No loss of HCAs occurred in this washing step. Unionized HCAs captured on the adsorbent in base condition using NH3 were eluted with MeOH. The elution patterns of HCAs on the HLB sorbent showed that less polar HCAs eluted more slowly than the polar HCAs, due to strong interactions with the adsorbent. However, the eluent of 3.5 mL of MeOH was able to concentrate all HCAs (Fig. 5a ). The recovery rates for this procedure ranged from 84.0 ± 15.2% to 105.6 ± 6.8%, indicating that the HLB cleanup procedure was appropriate.
In addition to the HLB procedure, an additional cleanup step was introduced to provide selective adsorption of basic HCAs. MCX is used as a cation exchange adsorbent and it requires low pH to adsorb positively ionized HCAs. Therefore, a washing step (0.1 M HCl) followed loading 20 ng of HCAs spiked into 3.5 mL of MeOH to capture HCAs on the MCX adsorbent. The eluent obtained by washing with HCl and MeOH contained no HCAs. A preliminary test of the elution behavior of HCAs using 60 mg of MCX adsorbent showed that less polar HCAs (i.e., PhIP, AαC, MeAαC) remained on the sorbent for a long time when eluting with a solution of 2, 5, or 10% NH3 in MeOH. Therefore, MCX was unable to concentrate all HCAs within a small fraction, although interference from urine may have retained to this. This result is consistent with results reported by Sentellas et al. 24 MCX (30 mg) resulted in elution of all HCAs within 2 mL for 10% NH3 in MeOH, as shown in the elution pattern in Figure 5b . The recovery rates of 80.2 ± 2.6% to 100.9 ± 13.0% indicate that the adsorbent capacity was appropriate for the clean-up of all HCAs.
In a water matrix spiked with HCAs, recovery rates using the multiple SPE method were 51.4 ± 11.9% to 102.4 ± 4.5%, whereas the extraction efficiency for HCAs spiked into human urine using a combination of HLB and MCX cartridges was low, between 35.6 ± 10.0% and 85.2 ± 8.3%. It is likely that interference from urine that was co-eluted during chromatographic separation suppressed ion formation of HCAs during the ESI measurements. The lowest recovery rates were for PhIP, which has frequently been detected in human urine. 67, 68 The ion suppression problem was revealed by UV chromatograms at 213 nm for each step of the SPE method. The chromatogram in Figure 6b shows that applying the MCX process after the HLB SPE (Fig. 6a) removed interference eluting in the range of shorter retention times on the C 8 column. However, interference eluting in similar regions with the retention time of PhIP was insufficiently washed out after these combined SPE steps, resulting in low recovery of PhIP. Thus, an additional cleanup step was needed to decrease the matrix effect. Hybrid-SPE, which has been used primarily for precipitating proteins and removing phospholipids in plasma, was used as an alternative. The adsorbent, consisting of zirconia-coated silica particles, provided acid-base interaction and removed interfering species from urine that remained in the eluent after HLB-MCX SPE. Briefly, the basic eluent from the HLB adsorbent passed through the HybridSPE cartridge, and an additional 1 mL of MeOH was eluted. Then, the combined eluent was transferred onto the MCX cartridge. The tandem SPE method of HLBHybridSPE-MCX showed successful wash-out of interference (Fig. 6c) . The recovery rates also improved, to 54.7 ± 10.9% to 90.4 ± 7.8%, which are comparable with literature results. The recovery rate of HCAs has commonly been measured at 50%, 41, 42 and the recovery rate of PhIP is generally lower than that of other HCAs. [38] [39] [40] 67, 68 The analytical procedure, optimized using tandem SPEs, is summarized in Figure 2 .
Validation of analytical method. Calibration curves were generated using the peak ratios for eight HCAs against the internal standard of 1-naphthylamine. Standard mixtures of the eight HCAs were analyzed at seven concentrations, in the range 0.3 -16.7 ng/mL. The concentration range of calibration is sufficient to measure amounts of HCAs in urine. The calibration curves (Table 2) .
To validate the accuracy and precision of the analytical method, two analytical concentrations, 1.67 and 3.33 ng/mL, were spiked into human urine. The samples (n = 9) were analyzed according to the established analytical procedure using SIM and SRM on two columns. The results are summarized in Table 3 . The recovery rate did not depend on the detection method, SIM or SRM, nor on the amount of HCAs spiked into the urine. The amide column provided consistently higher recovery rates than the C8 column, particularly for detection of PhIP. This was due to interference from matrix components that co-eluted with HCAs during separation on the C8 column, but these components were resolved using amide separation due to the dissimilar interaction mechanisms of the columns.
The LODs were determined by performing nine analyses with 3 mL of urine spiked with 5 ng of the HCA mixture. The LOD values were 0.16 -0.31 ng/mL for SIM and 0.11 -0.65 ng/mL for SRM using the C8 column, and 0.12 -0.29 ng/mL for SIM and 0.25 -0.48 ng/mL for SRM using the amide column. The SIM detection tool was more sensitive for detection of HCAs in urine than the SRM detection tool, although SRM is a more selective technique. The LOQs were defined as ten times the standard deviation, calculated when determining LODs. The LOQs represent the lowest concentration that could reliably be quantified. The LOD and LOQ results are shown in Table 3 .
Conclusions
In this study, a tandem SPE method was designed to achieve higher recovery rates and better reproducibility for detection of HCAs in urine. Although the clean-up steps, as well as the column separation of HCAs, were sensitive to pH, verification of each step led to the development of an analytical method with high throughput. Separation of HCAs on the amide column allowed faster run times and narrower peak widths than with the C 8 column, although the difference was not always significant. The poor recovery of PhIP using a combination of HLB and MCX SPE was overcome by the addition of another ion exchange SPE, HybridSPE. Two SIM and SRM detection techniques in positive ESI were also evaluated for detection of HCAs. The responses were linear from the LOQ up to 16.7 ng/mL in urine, and the recovery rates for two concentrations of HCAs indicated acceptable accuracy and precision for analysis of HCAs in urine. In comparison with a C8 column, an amide column, which operates on a different separation mechanism, provides better recovery. The analytical method established using multiple SPEs may be useful for detecting HCAs in urine to assess human exposure.
